Corylin, an phenolic compound from Psoralea corylifolia, has been reported with various pharmacological properties but has poor bioavailability due to massive metabolism. In this study, twelve metabolites of corylin mainly involving in oxidation, hydration, glucuronidation and sulfation were detected in mice. Furthermore, the oxidation and hydration of corylin (M4) in human liver microsomes (HLM) and human intestine microsomes (HIM) were both efficient with high CL int (intrinsic clearance) values of 24.29 and 42.85 L/min/mg, respectively. CYP1A1, 1B1 and 2C19 contributed most for M4 with the CL int values of 26.63, 33.09 and 132.41 L/min/mg, respectively. Besides, M4 was strongly correlated with phenacetin-N-deacetylation (r = 0.885, p = 0.0001) and tolbutamide-4-oxidation (r = 0.727, p = 0.001) in twelve individual HLMs, respectively. In addition, corylin was efficiently glucuronidated (M7) in HLM (125.33 L/min/mg) and in HIM (108.74 L/min/mg). UGT1A1 contributed the most for M7 with the CL int value of 122.32 L/min/mg. Meanwhile, M7 was significantly correlated with ␤-estradiol-3-O-glucuronidation (r = 0.742, p = 0.006) in twelve individual HLMs. Moreover, the metabolism of corylin showed marked species differences. Taken together, corylin was subjected to massive first-pass metabolism in liver and intestine, while CYP1A1, 1B1, 2C19 and UGT1A1 were the main contributors. Finally, the proposed metabolic pathway of corylin involed CYP and UGT isoforms were summarized, which could help to understand the metabolic fate of corylin in vivo.
Introduction
Corylin is a phenolic compound isolated from the whole plant, fruit and seed of Psoralea corylifolia L., which has been widely used as a kidney tonifying herbal medicine mainly for anti-osteoporosis and also considered as a dietary supplement [1] . Meanwhile, it accounts for 0.06% weight of the dried seeds [2] . Besides, it has attracted increasing interest for significant pharmacological effects in regulating antioxidant activity [3] , inhibiting aldose reductase [4] , and osteoblastic proliferation-stimulating activity [5] . In addition, corylin could inhibit interleukin-6 (IL-6)-induced signal transducer and activator of transcription 3 (STAT3) activity in hep-atocarcinoma Hep3B cells [6] . Recently, corylin was reported to be a novel anti-inflammatory and immunosuppressive drug candidate in the treatment of sepsis and septic shock [7] .
To date, numerous researches of corylin-containing herbal medicines have been conducted in the fields of metabolite profiles, pharmacokinetics and drug metabolizing enzyme inhibition. Previous studies indicated that corylin could undergo extensive phase II metabolism (mainly glucuronidation and sulfonation) [8, 9] . In addition, it could be quickly absorbed into rat plasma and distributed almost evenly to the cerebral nuclei [10, 11] . And also, the reports suggested that the prenylflavonoids could more readily enter the brain than the coumarins in Psoraleae Fructus [11] . Furthermore, it was shown that corylin could exhibit strong inhibition towards human carboxylesterase 1 (IC 50 = 0.7 M) [12] and UDP-glucuronosyltransferase 1A9 (K i = 3.1 M) [13, 14] . However, in spite of the remarkable biological activities, there are no reports about the metabolism of corylin alone.
For this purpose, the metabolic pathways of corylin in vivo and in vitro would be investigated in the present study. An ultra-performance chromatography coupled with time-of-flight tandem mass spectrometry (UPLC/q-tof-MS) method was applied to (i) elucidate the complete metabolic pathway of corylin, including the identification of all phase I and phase II metabolites, (ii) determine the contribution of human individual CYPs and UGTs enzymes to phase I and phase II metabolism, and (iii) compare the species differences of liver microsomes-mediated metabolism. This study would be helpful for the understanding of the metabolic fate of corylin.
Experimental

Chemicals and reagents
Nicotinamide adenine dinucleotide phosphate (NADPH), uridine diphosphate glucuronic acid (UDPGA), magnesium chloride (MgCl 2 ), alamethicin and D-saccharic-1, 4-lactone were all provided from Sigma-Aldrich (St Louis, MO). Pooled human liver microsomes (HLM), twelve individual pooled human liver microsomes (iHLM), pooled human intestine microsomes (HIM), rat liver microsomes (RLM), mice liver microsomes (MLM), guinea pig liver microsomes (GpLM), monkey liver microsomes (MkLM), dog liver microsomes (DLM), rabbit liver microsomes (RaLM), expressed human CYPs (CYP1A1, 1A2, 1B1, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4 and 3A5) and human UGTs (UGT1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 2B4, 2B7, 2B10, 2B15 and 2B17) were all obtained from Corning Biosciences (New York, USA). Corylin (purity > 98%) were purchased from Chengdu Chroma-Biotechnology Co., Ltd. (Chengdu, China). ␤-estradiol, chenodeoxycholic acid (CDCA), phenacetin and tolbutamide were purchased from Aladdin Chemicals (Shanghai, China). All other chemicals and reagents were analytical grade commercially available.
In vivo treatment and samples preparation
Male SPF grade KM mice (6-to 8-week-old) were obtained from the Experimental Animal Center of Guangdong Province (Guangzhou, China). The mice were maintained in an animal room with constant temperature (23 ± 2) • C, humidity (60 ± 5) % and a 12 h dark/light cycle for a week before the tests. And all mice had access to water and food ad libitum. The animal protocols were approved and conducted in accordance with the guidelines of Laboratory Animal Ethics Committee of Jinan University. All procedures were in accordance with Guide for the Care and Use of Laboratory Animals (National Institutes of Health).
Eighteen mice were divided into two groups: control group (n = 9) and corylin-treated group (n = 9). Based on our previous study [9] , corylin dissolved in 0.3% sodium carboxymethyl cellulose was given by oral administration at a dose of 40 mg/kg body weight, and control mice were treated with 0.3% sodium carboxymethyl cellulose only. After oral gavage, all mice were observed whether abnormal manifestations happened. Blood samples (n = 3) were collected into heparinized tubes by retroorbital bleeding at 0.5 and 6 h after oral administration, and plasma samples were separated by centrifugation at 8000g for 10 min. The mice (n = 3) were implanted with a cannula into the bile duct after an abdominal incision anesthetized with 10% aqueous chloral hydrate to collect bile. Urine and feces samples (n = 3) were collected using metabolic cages. Blank biosamples were obtained in the same way. All biosamples were stored at −80 • C until analysis.
Before use, SPE columns (3 cm 3 , 60 mg, Waters Oasis, Ireland) were conditioned with 3 mL of methanol followed by 3 mL of ionized water which is same as previous study [15] . Plasma (50 L), urine (1 mL) and bile (50 L) samples were loaded on pretreated columns, respectively. After being washed off by 3 mL of 5% methanol, the cartridge were eluted using 3 mL of methanol. The methanol filtrate was evaporated to dryness under nitrogen gas at room temperature. The feces (0.2 g) were pulverized and soaked 50 mL methanol in an ultrasonic bath for 30 min. The filtrate was evaporated to dryness at 40 • C in vacuum. The residue was reconstituted in 1 mL water. Furthermore, the feces samples (1 mL) were treated by the same way as the plasma samples. Finally, the residue was reconstituted in 100 L methanol and an aliquot of 4 L samples were injected into UPLC/q-tof-MS.
2.3.
In vitro phase I metabolism assay As described previously [16] , phase I incubation system (200 L) contained 50 mM Tris-HCl buffer solution (pH = 7.4), 0.5 mg/mL of HLM, 5 mM MgCl 2 and 6.25 M corylin. After 5 min of preincubation at 37 • C, 1 mM of NADPH solution was added. After 1 h incubation at 37 • C, the reactions were terminated using 200 L cold acetonitrile. After centrifuging at 13800g for 10 min, an aliquot (8 L) of the supernatant was injected into UPLC/q-tof-MS system. Incubation without NADPH served as negative control to confirm the metabolites produced were NADPH-dependent. Likewise, incubation system for HIM, twelve iHLM, animal liver microsomes and each CYP enzyme was similar to the microsomal incubation system above. All experiments were performed in triplicate. Preliminary experiments were performed to ensure that the rates of phase I metabolism were determined under linear conditions with respect to the incubation time and protein concentration.
In vitro glucuronidation assay
In brief, a typical incubation mixture (200 L) contained 50 mM Tris-HCl buffer (pH = 7.4), 0.5 mg/mL of HLM, 0.88 mM MgCl 2 , 22 g/mL alamethicin, 4.4 mM saccharolactone and 3.5 mM UDPGA as previously published [17] . After 1 h incubation at 37 • C, the reaction was terminated by adding 200 L ice-cold acetonitrile followed by centrifugation at 13800g for 10 min. An aliquot (8 L) of supernatant was subjected to UPLC/q-tof-MS analysis. Incubation without UDPGA served as negative control to confirm the metabolites produced were UDPGA-dependent. Similarly, corylin was incubated with HIM, twelve iHLM, animal liver microsomes and recombinant UGT enzymes the above system. All experiments were performed in triplicate. Preliminary experiments were performed to ensure that the rates of glucuronidation were determined under linear conditions with respect to the incubation time and protein concentration.
Structural identification of corylin and its metabolites
Metabolite screening was performed using a UPLC-q-tof/MS system (Waters Corporation, Manchester, U.K.). Chromatographic separation was achieved on a BEH C 18 column (2.1 mm × 50 mm, 1.7 m) maintained at 35 • C. The mobile phase consisted of water (A) and acetonitrile (B) (both including 0.1% formic acid, v/v), and the flow rate was 0.5 mL/min. The gradient elution program was as follows: 10-50% B from 0 to 2.0 min, 50-100% B from 2.0 to 3.0 min. After holding 100% B for next 0.2 min, the column was returned to its starting condition.
The UPLC system was coupled to a hybrid quadrupole orthogonal time-of-flight (q-tof) tandem mass spectrometer (SYNAPT TM G2 HDMS, Waters, Manchester, U.K.) equipped with electrospray ionization (ESI). The operating parameters were as follow: Capillary voltage of −2.5 kV (ESI-); Sample cone voltage 40 V (ESI-); Ramp trap collision energy of 40-60 V (ESI-); Extraction cone voltage of 4 V, source temperature of 100 • C, desolvation temperature 300 • C, cone gas flow of 50 L/h and desolvation gas flow of 800 L/h. Argon was used as collision gas for CID in both MS E and MS 2 mode. To ensure mass accuracy and reproducibility, the mass spectrometer was calibrated over a range of 50-1500 Da using solution of sodium formate. Leucine-enkephalin (m/z 554.2615 in negative ion mode) was used as external reference of LockSpray TM infused at a constant flow of 5 L/min and data were centroided during acquisition.
Quantification corylin and its metabolites
Due to lack of reference standard, quantification of corylinrelated metabolites was based on the standard curve of the parent compound (corylin) according to the assumption that parent compound and its phase I metabolites and glucuronide have closely similar UV absorbance maxima [18] . Serial working solutions of corylin were determined on a BEH C 18 column (2.1 mm × 50 mm, 1.7 m, Waters, Ireland, Part NO. 186002350). The detection wavelength was set at 254 nm and the injection volume was 8 L.
The LOD and LOQ were calculated as 3-fold and 10-fold of the ratio of signal-to-noise (S/N), respectively. The LOD and LOQ for corylin was 0.01 and 0.05 M, respectively. Calibration curves were constructed by plotting corylin peak area ratios (Y) versus corylin concentrations (X) using a 1/x 2 weighting factor. Acceptable linear correlation (Y = 18481X) was confirmed by correlation coefficients (r 2 ) of 0.9995. The linear range was 0.05 ∼ 50 M. The accuracy and precision of the intra-day and inter-day error were both less than 2.6%.
Enzymes kinetic evaluation
Serial concentrations of corylin (0.39-50 M) were incubated with pooled HLM, HIM, animal liver microsomes, individual CYP enzyme and expressed UGT enzymes to determine the metabolic rates. The kinetic models Michaelis-Menten equation and substrate inhibition equation were fitted to the data of metabolic rates versus substrate concentrations and displayed in Eqs. (1) and (2), respectively. Appropriate models were selected by visual inspection of the Eadie-Hofstee plot [19] . Model fitting and parameter estimation were performed by Graphpad Prism V5 software (SanDiego, CA).
The parameters are as follows. V is the formation rate of product. V max is the maximal velocity. K m is the Michaelis constant and [S] is the substrate. K si is the substrate inhibition constant. The intrinsic clearance (CL int ) was derived by V max /K m for Michaelis-Menten and substrate inhibition models [20] .
Activity correlation analysis
According to the assay protocol reported previously, the metabolic activities of individual HLMs (n = 12) toward corylin, phenacetin (a probe substrate for CYP1A2), tolbutamide (a probe substrate for CYP2C9), ␤-estradiol (a probe substrate for UGT1A1) and CDCA (a probe substrate for UGT1A3) were determined [20] [21] [22] . Corylin (50 M) was incubated with NADPHsupplemented individual HLM (1.0 mg/mL) for 60 min, whereas phenacetin (200 M) and tolbutamide (500 M) were separately treated with NADPH-supplemented individual HLM (1.0 mg/mL) for 120 min. Similarly, corylin (6.25 M) was treated with UDPGA-supplemented individual HLM (1.0 mg/mL) for 60 min, while ␤-estradiol (50 M) and CDCA (250 M) were separately incubated with UDPGA-supplemented individual HLM (1.0 mg/mL) for 120 min. Correlation analysis were performed between corylin oxidation and hydration (M4), oxidation (M5, M10 and M12), hydration (M6) and phenacetin-N-deacetylation and tolbutamide-4-oxidation, respectively. Similarly, correlation analysis were performed between corylin glucuronidation (M7) and ␤-estradiol-3-O-glucuronidation and CDCA-24-O-glucuronidation, respectively. Correlation (Pearson) analysis was performed using GraphPad Prism V5 software.
Contribution of CYP and UGT isoforms
The contribution of individual CYP and UGT enzyme for corylin phase I metabolism and glucuronidation in pooled HLM was evaluated by the relative activity factor (RAF) approach as described in previous study [20] . The RAF value was defined as the activity ratio of a probe substrate in pooled HLM and an expressed CYP or UGT enzyme using Eq. (3). The analytical conditions of phenacetin, tolbutamide, ␤-estradiol and CDCA were shown in Table S1 . The RAFs were derived for CYP1A2, 2C9 and UGT1A1, 1A3 using the well-recognized probe substrates phenacetin, tolbutamide, ␤-estradiol and CDCA, respectively. The contribution of individual CYP or UGT enzyme were calculated according to Eq. (4).
Contribution of CYPsor UGTs = CL int (substrate, CYPsor UGTs)
Species difference
A series of corylin solutions (0.39-50 M) were incubated with six animal liver microsomes to determine the phase I metabolism and glucuronidation rates of corylin. Kinetic parameters were derived by appropriate model fitting. The CL int values of corylin in different animal liver microsomes was as evaluation parameter to estimate the species diversity.
Statistical analysis
Data are expressed as the mean ± SD (standard deviation). Mean differences between treatment and control groups were analyzed by two-tailed Student's t-test. The level of significance was set at p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***). Fig. S1 g) were tentatively identified as the glucuronidated conjugate of corylin. The MS/MS spectra gave abundant proof with the diagnostic fragment ions at m/z 175.0242 and 113.0283. Similarly, M1, M3 and M8 were tentatively identified as the mono-oxidated and glucuronidated corylin. Based on the MS/MS spectra, M1 (Fig. S1i) and M3 (Fig. S1j) were characterized as the glucuronidated products of M5, respectively. And M8 (Fig. S1k) was tentatively identified as the glucuronidated conjugate of M10 or M12.
Results
Structural identification of metabolites in mice
Mono-sulfated corylin (M11) and mono-oxidated and sulfated corylin (M2 and M9) M11 was eluted at 2.37 min with [M−H] − ion at m/z 399.0538 (C 20 H 15 O 7 S, 0.1 ppm). In the MS/MS spectra ( Fig. S1 h) , the mother ion obviously lose a neutral fragment of SO 3 (80 Da), which indicated that M11 was the sulfated conjugate of corylin. In addition, M2 (Fig. S1l) was characterized as the sulfated product of M5, whereas M9 (Fig. S1m) was tentatively identified as the sulfated conjugate of M10 or M12.
In all, the proposed fragment pathway of M0 ∼ M12 were exhibited in Fig. S2 . The extracted ion chromatograms and absolute areas of metabolites in mice biosamples were shown in Fig. 1 and Fig. S3 , respectively. And the UPLC/q-tof-MS data of M0 ∼ M12 was displayed in Table 1 .
Phase I metabolism of corylin in HLM, HIM and expressed CYP enzymes
After incubation of corylin with NADPH-supplemented HLM and HIM, five additional peaks (M4, M5, M6, M10 and M12) were all detected by UPLC/q-tof-MS analysis (Fig. S4) . Kinetic profiling revealed that formation of M4 in HLM well modeled by MichaelisMenten kinetics (Fig. S5a) , whereas M5, M10 and M12 in HLM followed the substrate inhibition equation (Fig. S5a) . Meanwhile, M4, M5, M10 and M12 in HIM were all well modeled by the substrate inhibition equation (Fig. S5b) . Due to the concentration under the limit of quantification, it was unable to determine the kinetic parameters of M6. In HLM, M4 and M5 were the main metabolites with the formation of 38. 19 Table 2 .
To identify the enzymes involving in the phase I metabolism of corylin, twelve expressed CYP enzymes were analyzed for their catalysis activities (expressed as pmol/min/mg protein). As shown in Fig. S4, CYP1A1, 1A2, 1B1 , 2C8, 2C9, 2C19, 2D6, 2E1 and 3A4 were responsible for the formation of phase I metabolites of corylin.
Other three CYP enzymes were not capable of the production toward phase I metabolites of corylin.
Based on reaction phenotyping results, kinetic profiles of active recombinant CYP enzymes were analyzed using a series of substrate concentrations. Obviously, M4 was the main metabolite of corylin in all these active expressed CYP enzymes. The kinetic profile of M4 by CYP1A1 (Fig. S5c) and 2C9 (Fig. S5d) were both well modeled by substrate inhibition equation, which did not always followed the same kinetics as the formation of M4 in HLM. In contrast, the kinetic profile of M4 by CYP1A2 (Fig. S5e), 1B1 (Fig. S5f) , 2C8 (Fig. S5g) and 2C19 (Fig. S5h) were well modeled by MichaelisMenten kinetics, which was in line with its kinetic profiles in HLM. In addition, the CL int values (Fig. 2a) of M4 by CYP1A1, 1A2, 1B1, 2C8, 2C9 and 2C19 were 26.63, 6.89, 33.09, 14.05, 5.92 and 132.41 L/min/mg, respectively, which indicated that CYP2C19 exhibited the highest activity toward the formation of M4. Similarly, only CYP2C8 could catalyze the formation of M5, which was with a CL int value of 6.90 L/min/mg. For the formation of M6, it was unable to obtain the kinetic parameters. The catalyze efficiencies (reflected by CL int values, Fig. 2a ) for M10 by CYP enzymes followed the order of CYP1A1 (15.68
showed the highest activity with a CL int value of 6.61 L/min/mg, followed with CYP2C9 (CL int = 4.79 L/min/mg) and CYP1A2 (CL int = 3.61 L/min/mg). Hence, CYP1A1, 1B1 and 2C19 were the main CYP enzymes for the formation of M4, the main phase I metabolite.
In vitro glucuronidation of corylin in HLM, HIM and expressed UGT enzymes
Unlike the phase I metabolism, only one glucuronic acid conjugate of corylin (M7) was detected in glucuronidation assay. Glucuronidation of corylin (M7) in pooled HLM followed the substrate inhibition kinetics with a small K m value of 5.27 M ( Table 3 ), suggesting that corylin was a high affinity substrate for HLM (Fig.  S6a) . The derived intrinsic clearance value (CL int ) was as high as 125.33 L/min/mg, suggesting that corylin was a good substrate for UGT metabolism. On the other hand, kinetic profiling revealed that glucuronidation of corylin in HIM followed the classical MichaelisMenten kinetics (Fig. S6b) . The derived K m value was 3.25 M and the CL int value was 108.74 L/min/mg (Table 3) , which indicated that glucuronidation may be a significant metabolic pathway for corylin in intestine.
Of tested UGT enzymes, UGT1A1, 1A3 and 1A8 were three main isoforms responsible for generating glucuronide from corylin. Glucuronidation mediated by UGT1A1 (Fig. S6c) and 1A3 (Fig.  S6d) followed the substrate inhibition kinetics, which were in line with its glucuronidation profiles in HLM (Fig. S6a) . In addition, the glucuronidation of corylin mediated by UGT1A8 (Fig. S6e) followed the Michaelis-Menten profile, which also followed the same kinetics as HIM (Fig. S6b) . Of note, a comparison of the CL int values revealed that UGT1A1 was the UGT enzyme with highest activities toward corylin (Fig. 2b) . The CL int value for UGT1A1 was 122.32 L/min/mg. By contrast, glucuronidation of corylin by UGT1A3 (20.11 L/min/mg) and 1A8 (3.27 L/min/mg) was less efficient. In general, UGT1A1 showed the highest glucuronidation activities for the formation of M7.
Activity correlation analysis by CYPs and UGTs
Involvement of CYP1A2 and 2C9 in corylin phase I metabolism was further confirmed by activity correlation analysis using a bank of individual HLMs (n = 12). It was shown that M4 and M5 were strongly correlated with phenacetin-N-deacetylation with Table 4 .
In a similar manner, glucuronidation activities between corylin glucuronidation (M7) and ␤-estradiol-3-O-glucuronidation, CDCA-24-O-glucuronidation were performed using twelve individual HLM. It was shown that M7 were strongly correlated with ␤-estradiol-3-O-glucuronidation with correlation factors (r = 0.742, p = 0.006) (Fig. S9a) . Similarly, M7 were correlated with CDCA-24-O-glucuronidation (r = 0.626, p = 0.029) (Fig. S9b) . The results indicated that contribution of UGT1A1 to corylin glucuronidation in the liver was appreciable.
Table 2
Kinetic parameters derived for the phase I metabolites of corylin (M4, M5, M6, M10 and M12) by HLM, HIM, expressed CYP enzymes, MkLM, RLM, MLM, DLM, GpLM and RaLM (Mean ± SD). All experiments were performed in triplicate.
Meta.
Vmax (pmol/min/mg) 
Table 3
Kinetic parameters derived for the corylin glucuronides (M7) of corylin by HLM, HIM, expressed UGT enzymes, MkLM, RLM, MLM, DLM, GpLM and RaLM (Mean ± SD). All experiments were performed in triplicate. (* p < 0.05, ** p < 0.01, *** p < 0.001).
Contribution of CYP and UGT isoforms
The RAF approach was used to estimate the exact contribution of CYP1A2 and 2C9 to corylin phase I metabolism in HLM. The RAF values of CYP1A2 and 2C9 were calculated by the CL int values of phenacetin-N-deacetylation and tolbutamide-4-oxidation in HLM and corresponding individual CYP enzyme, respectively. As a result, kinetic profiles of phenacetin-N-deacetylation (Fig. S10a) and tolbutamide-4-oxidation (Fig. S10b) were modeled by the classical Michaelis-Menten kinetics. The derived RAFs for CYP1A2 and 2C9 were 0.121 and 0.070, respectively (Table S2) Similarly, the RAF approach was calculated by CL int values of ␤-estradiol-3-O-glucuronidation and CDCA-24-O-glucuronidation in HLM and expressed UGT1A1 and 1A3 enzyme, respectively. The derived RAFs for UGT1A1 and 1A3 were 0.554 and 0.478 based on previous study [17] . The scaled CL int value of M7 was 67.77 (=122.32 × 0.554) L/min/mg for UGT1A1 that represented 54.1% of the CL int values (125.33 L/min/mg) in HLM. The scaled CL int value of M7 was 9.61 (=20.11 × 0.478) ml/min/mg for UGT1A3 that represented 7.7% of the total glucuronidation activity in HLM. Obviously, UGT1A1 contributed most for the glucuronidation of corylin in HLM. 
Species difference
Phase I metabolism kinetics of corylin were determined using liver microsomes from various animal species including monkey, rat, mouse, dog, guinea pig and rabbit (Table 2) . On the whole, M4 and M5 were still the main metabolites by these six animal liver microsomes. Except MLM (Michaelis-Menten equation, Fig. S11a ), kinetic profiles of other five liver microsomes were all well followed the substrate inhibition kinetics (Figs. S11b-S11f). The apparent V max and K m values were determined for the formation of M4, M5, M6, M10 and M12 by animal microsomes (Table 2) Glucuronidation of corylin in DLM (Fig. S12a) and GpLM (Fig.  S12b) followed the classical Michaelis-Menten kinetics, whereas corylin glucuronidation by MkLM (Fig. S12c) , RLM (Fig. S12d) , MLM (Fig. S12e) and RaLM (Fig. S12f) well modeled by the substrate inhibition kinetics. Marked species differences (reflected by CL int values, Fig. 3B) were noted for the derived kinetic parameters ( Table 3 Clearly, there were marked species differences in phase I metabolism of corylin (Fig. 3A) . Up to 14.75, 11.73 and 27.58 fold of CL int values for M4, M10 and M12 were obtained. Only 3.67-fold of CL int values for M7 were between human and other five types of animal liver microsomes (Fig. 3B) . For the main metabolites M4 and M7, monkey, mice and dog showed the calculated parameters that were closest to those of humans (Tables 2 and 3 ). The kinetic parameters differed by 0.73-1.42-fold between humans and the three animal species. Hence, monkey, mice and dog were probably the best models for the main phase I metabolism and glucuronidation studies of corylin in humans.
Discussion
As a bioactive phenolic compound isolated in Fructus Psoraleae, corylin has drawn increasing attentions in the fields of pharmacological activities including antioxidant, anti-proliferation, anti-inflammatory properties [3] [4] [5] [6] [7] . However, its metabolic pathways and pharmacokinetics properties have not been fully characterized. To the best of our knowledge, only four literatures reported the metabolism and pharmacokinetics behaviors of corylin in rats after oral administration of corylin-containing herbal preparations [8] [9] [10] [11] . The pharmacokinetics parameters of corylin in rats have been characterizeds as rapid absorption and poor bioavailability [10, 11] , whereas extensive phase II metabolites could be detected in rat bio-samples [8, 9] . These findings inspired us to further investigate the metabolic pathways of corylin in vivo and in vitro.
In this study, we have elucidated the phase I metabolism and glucuronidation of corylin in vivo and in vitro (Fig. 4) . It was revealed that corylin was subjected to efficient oxidation and glucuronidation, producing the main metabolites M1, M5 and M7 in mice (Fig. 1) . Notably, these three metabolites could be detected in mouse plasma and urine, wihch could be considered as the poten- tial effective components for pharmacological benefits based on the theory of serum pharmacochemistry [23] . Besides, in vitro assays also demonstrated that corylin could be rapidly oxidated and glucuronidated in both HLM and HIM in the presence of NADPH or UDPGA (Fig. 3) . All of these findings significantly suggested that oxidation and glucuronidation were the major metabolic pathways of corylin in both mice and humans.
Taking into consideration that corylin-containing herbal preparations are usually administrated orally, it is necessary to investigate the metabolic clearance of corylin in human intestine and liver in depth. Hence, the identification of individual CYPs and UGTs involving in corylin metabolism is another important task for deciphering the metabolic pathway of corylin (Fig. 2) . It was clearly shown that CYP1A1, 1B1 and 2C19 were the main contributors to hydration and oxidation of corylin (Fig. 2a) , while UGT1A1 contributed most to the formation of glucuronide (Fig. 2b) . It has been reported that CYP1A1 and 1B1 cannot be detected in HLM and mainly expressed in human extrahepatic tissues (intestine, lung, skin, and kidney, etc), while CYP2C19 was mainly expressed in human liver and intestine [24] . In addition, UGT1A1 and UGT1A3 were mainly expressed in the human liver but the content of the former is about 10-fold of that of UGT1A3 [25] , whereas UGT1A8 was absent in human liver and mainly detected in human intestine [26] . These results from reaction phenotyping (Fig. 2) combined with kinetics assays (Tables 2 and 3) , activity correlation analysis assays (Table 4 ) and RAF approach suggested that massive metabolism of corylin in extrahepatic tissues, especially human intestine, cannot be ignored.
As mentioned above, CYP1A1, 1B1 and UGT1A1 all participated in the phase I metabolism and glucuronidation of corylin in human intestine, which would assume a great role in the understanding of oral bioavailability. From the view of the intrinsic clearance (CL int value), the CL int values of M4 and M7 in HLM were 24.29 and 125.33 L/min/mg, respectively, whereas the CL int values of M4 and M7 in HIM were 42.85 and 108.74 L/min/mg, respectively (Tables 2 and 3) . Furthermore, CYP2C19 is more efficient than CYP1A1 in the oxidation of corylin, its inherent clearance (132.41 L/min/mg protein) is about 5-fold of that in recombinant CYP1A1. Similarly, the CL int values of M7 in UGT1A1 (122.32 L/min/mg protein) is about 6-fold of that in UGT1A3. These findings implied that massive first-pass metabolism in human liver and intestine would be a significant limiting factor to oral absorption of corylin. In addition, intestine also abundantly expresses the catalytically active CYPs (e.g., 1A1, 2C9, 2C19, 2D6 and 3A4) [24] and UGT enzymes (e.g., UGT1A1 and 1A8) [25] . It is certain that corylin was subjected to massive intestinal phase I metabolism and glucuronidation.
In this study, to explore further the metabolic mechanism, metabolic activities of the CYPs and UGTs enzymes toward corylin were determined based on the CL int values (Fig. 2) derived from kinetic modeling. Use of CL int values was more advantageous in characterization of enzyme activities as follows. (1) CL int represents the catalytic efficiency of the enzyme and is independent of the substrate concentration; (2) compared with other kinetic parameters such as K m and V max , CL int is more relevant in an attempt to predict clearance in vivo [27] . Besides, it was noteworthy that substrate concentrations in microsomal incubations (and kinetic parameters) were not corrected due to the presence of protein binding. This was because binding of corylin (log P = 3.15) to microsomal proteins was negligible according to the Hallifax and Houston model [28, 29] . The model consisting of log P and microsomal protein concentration has been shown to provide accurate predictions on fu values for the compounds with intermediate lipophilicity (log P = 2.5-5.0) [30] . Also, comparative assessment of several predictive models of fu has revealed that the Halifax and Houston model is one of the best performing prediction methods [31] .
It is well-known that common genetic polymorphisms among different people, often lead to different levels and activities of CYPs and UGTs enzyme, which could influence the occurrence of diseases and efficacy of clinical drugs in vivo. In this study, the main contributors for the metabolism of corylin, CYP1A1, 1B1, 2C19 and UGT1A1 are all polymorphic enzymes. For example, light smokers with the susceptible genotype CYP1A1 have a 7-fold higher risk of developing lung cancer compared to light smokers with the normal CYP1A1 genotype [32] . Similarly, CYP2C19 polymorphism (CYP2C19*2, CYP2C19*3 and CYP2C19*17) exists in approximately 3-5% of Caucasian and 15-20% of Asian populations being poor metabolizers with no CYP2C19 function [33, 34] , and this could reduce the efficacy of clopidogrel (an antiplatelet agent). Similarly, the UGT1A1 polymorphism (UGT1A1*28) has been associated with the dose-limiting toxicities in irinotecan (also known as CPT-11) chemotherapy [35, 36] . Therefore, it is readily conceivable that individuals with different polymorphisms most likely exhibited different metabolic activities of corylin, leading to different bioavailability in vivo.
Conclusion
In conclusion, a total of twelve metabolites involving in oxidation, hydration, glucuronidation and sulfation were characterized in mice based on retention times and characteristic fragment ions. Furthermore, CYP1A1, 1B1 and 2C19 were the main contributors for corylin phase I metabolism, while UGT1A1 was also the main UGTs for corylin glucuronidation. In addition, M4, M5, M10 and M12 were all correlated with phenacetin-N-deacetylation and tolbutamide-4-oxidation, respectively. Similarly, M7 was also correlated with ␤-estradiol-3-O-glucuronidation and CDCA-24-O-glucuronidation in twelve individual HLMs. Based on RAF approach, the contributions of CYP1A2, 2C9 toward phase I metabolites and UGT1A1, 1A3 toward M7 were all calculated, respectively. Moreover, phase I metabolism and glucuronidation of corylin by liver microsomes showed marked species differences. Taken altogether, this study proved that corylin was subjected to efficient metabolism in liver and intestine, wherein CYP1A1, 1B1, 2C19 and UGT1A1 were the main contributing enzymes, following the complete metabolic pathway of corylin. And these findings provide further justification for the metabolic fate of corylin.
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